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Aging-related oxidative stress has been linked to
degenerative modifications in different organs and
tissues. Using redox proteomic analysis and illus-
trative tandem mass spectrometry mapping, we
demonstrate oxidative posttranslational modifica-
tions in structural proteins of intervertebral discs
(IVDs) isolated from aging mice. Increased protein
carbonylation was associated with protein frag-
mentation and aggregation. Complementing these
findings, a significant loss of elasticity and
increased stiffness was measured in fibrocartilage
from aging mice. Studies using circular dichroism
and intrinsic tryptophan fluorescence revealed
a significant loss of secondary and tertiary struc-
tures of purified collagens following oxidation.
Collagen unfolding and oxidation promoted both
nonenzymatic and enzymatic degradation. Impor-
tantly, induction of oxidative modification in healthy
fibrocartilage recapitulated the biochemical and
biophysical modifications observed in the aging
IVD. Together, these results suggest that protein
carbonylation, glycation, and lipoxidation could
be early events in promoting IVD degenerative
changes.
INTRODUCTION
Intervertebral discs (IVDs) function as shock absorbers that
resist compressive forces exerted on the spine, serve to evenly
distribute load across vertebral bodies, and provide for the com-
plex motion of the axial skeleton. The IVD is a complex structure
composed of the fibrotic annulus fibrosus (AF), which is inte-
grated with the cartilaginous vertebral endplates and encases
the gelatinous nucleus pulposus (NP).922 Chemistry & Biology 20, 922–934, July 25, 2013 ª2013 Elsevier LDuring aging, IVDs undergo degenerative changes that
include significant histologic, biochemical, and metabolic modi-
fications. Factors known to contribute to IVD failure include
changes within the NP involving an increase in cell density, cell
senescence, and cell death associated with impaired synthetic
activity and increased matrix metalloprotease (MMP) activity.
These changes are associated with reduced levels of proteogly-
cans and a shift in levels of collagen type II in favor of collagen
type I, which imparts a fibrous nature to the NP. The cartilaginous
endplates tend to calcify and become thinner, thus altering
both nutrition and redox potential within the NP. The AF loses
its highly organized lamellar structure and becomes fissured
(Adams and Roughley, 2006; Antoniou et al., 1996; Johnstone
and Bayliss, 1995; Kepler et al., 2013; Maeda and Kokubun,
2000; Urban et al., 2001). From a biochemical perspective, the
reduction of proteoglycan molecules that attract and bind
water via their polar groups results in a loss of hydration and
nucleus pressure (Adams and Roughley, 2006; Buckwalter,
1995; Roughley, 2004).
A substantial portion of thesebiochemical changesare thought
to result from posttranslational oxidative changes in structural el-
ements of the IVD’s tissues. In aging, an imbalance between the
generation of free radicals and the cellular scavenging mecha-
nisms has been observed, resulting in tissue oxidative stress
(Alexeyev, 2009; Haigis and Yankner, 2010; Roberts and Sindhu,
2009). Aging-related oxidative stress is associated with: (1) mito-
chondrial senescenceandagingof themitochondrial redoxenzy-
matic chain and a decrease in the synthesis of free radical scav-
enging enzymes (Berenbaum 2011; Broadley and Hartl, 2008;
Cannizzo et al. 2011; Dufour et al., 2000; Haigis and Yankner,
2010); (2) excessive calorie intake with increased production of
free radicals (Roberts and Sindhu, 2009; Terman, 2006; Wellen
and Thompson, 2010); (3) increased incidence of pathologies
that present with chronic inflammation that activate the oxidative
burst (Cathcart, 2004; de la Fuente et al., 2004; Preynat-Seauve
et al., 2003); and (4) accumulation of free radicals produced by
different environmental sources over time.
Oxidative stress is clearly an important factor in IVD failure.
Indeed, patients with osteoarthritis exhibit elevated synovial fluidtd All rights reserved
Figure 1. Structural and Biomechanical
Changes in Aging IVD
(A) Light micrographs of the IVDs from 3- and
22-month-old mice, hematoxylin and eosin,
Alcian blue pH 2.5, Safranin O-Fast Green
staining, respectively. Loss of the CNC layer and
total proteoglycans in the GM in aging mice.
Proliferation of chondrocyte-like cells (arrow-
heads) was observed in the NP in 22-month-old
mice.
(B) Western blotting for collagen I, collagen II,
and b-actin (loading control) from 3-, 12-, and
22-month-old mice.
(C) Bar graphs represent average and SEMs of
three independent western blots, p < 0.001 and p <
0.05 values respectively, ANOVA, Tukey.
(D) Intrinsic biomechanical properties of IVDs from
3-, 12-, and 22-month-old mice. One-way ANOVA
(p < 0.05) was used to determine significant dif-
ferences among these three groups.
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malondialdehyde,which are themajor aldehydic products of lipid
peroxidation (Basu et al., 2001; Henrotin et al., 2003; Tiku et al.,
1999), and dietary intake of antioxidants has been shown to
ameliorate the symptoms of osteoarthritis (McAlindon et al.,
1996). Increased levels of advanced glycation end products
(AGEs) have also been reported in aging IVDs. Among the
AGEs, pentosidine, a product of the oxidative stress-induced
Maillard reaction, induces a nonenzymatical crosslink of collagen
fibers in the IVD (Pokharna et al., 1995; Sell and Monnier, 1989;
Takahashi et al., 1994; Pokharna and Phillips, 1998). The pento-
sodine crosslinks alter both the anatomic integrity and biologic
properties of the collagen network through inhibition of matrix
turnover, resulting in increased cartilage stiffness and fragility
(Monnier et al., 1984; Pokharna and Phillips, 1998).
Published studies have also established a firm link between
oxidative stress and chondrocyte senescence and apoptosis
(Adams and Horton, 1998; Chen et al., 1995; Fay et al., 2006;
Hashimoto et al., 1998; Homma et al., 1994; Pelletier et al.,
2000; Wruck et al., 2011).Chemistry & Biology 20, 922–934, July 25, 2013However, the published data have been
conducted in tissues with well-estab-
lished degenerative and inflammatory
damage, thus making it difficult to delin-
eate whether cartilage damage by oxida-
tive stress precedes or follows degenera-
tive changes.
In the present study, a different
approach is used to understand the
early effects of oxidative damage to the
IVD. In particular, we have investigated
whether oxidation of collagen represents
an early or even initiating event in cartilage
degeneration. To this goal, we first map-
ped all the biochemical changes of struc-
tural proteins in aging cartilage, related
to oxidative stress. We then determined
how such modifications applied to ahealthy IVD interfere with protein folding, susceptibility to
MMPs degradation, and mechanical properties. The results pro-
vide insights into the mechanisms whereby oxidative damage
contributes to IVD failure.
RESULTS
Histologic and Biomechanical Alterations Exhibited
in Aging IVDs
IVDs were isolated from 3-, 12-, and 22-month-old mice. Histo-
logic examination of this material from the 3- and 12-month-old
mice did not show significant differences in the morphology and
staining of the NP, AF, and end plate cartilage (Figure 1A and
data not shown). The IVDs of 22-month-old mice revealed
segmental, severe degeneration of the discs with loss of the
gelatinous matrix (GM) and central notochordal cell (CNC) layer
along with proliferation of chondrocyte-like cells merging with
the adjacent AF and end plate cartilage (Figure 1A). A marked
decrease in Alcian blue and Safranin O-Fast Green staining
was observed in the IVDs of aged mice. Complementing theseª2013 Elsevier Ltd All rights reserved 923
Figure 2. Detection of Oxidatively Modified
Proteins in Aging IVDs
(A and B) Phase contrast and pseudocolor ex vivo
images of spines isolated from 3-, 12-, and 22-
month-old mice intravenously injected with Cell-
ROX Deep Red (concentration), a fluorogenic
probe used to measure cellular oxidative stress.
(C) Western blot analysis of carbonylated proteins
detected in IVDs isolated from 3-, 12-, and
22-month-old mice. Lanesmarked as ‘‘’’ indicate
nonderivatized proteins (derivatization control)
and ‘‘+’’ indicate derivatized proteins.
(D) Silver-stained SDS-PAGE of sequential protein
extractions from IVDs using sodium chloride fol-
lowed by guanidine hydrochloride. Guanidine
hydrochloride extractions demonstrate micro-
aggregates in IVDs from aged mice.
(E) Illustrative MS/MS mapping of oxidative mod-
ifications of amino acid side chains across the
same peptide sequences in IVD proteomes iso-
lated from 3-, 12-, and 22-month-old mice shows
the selective Arg oxidation in aggrecan, fibro-
nectin, and alpha-1 collagen VI.
Chemistry & Biology
Oxidative Stress Promotes Cartilage Degenerationfindings, western blot analysis detected an increase of collagen
I and a loss of collagen II in IVD isolated from 12- and 22-month-
old mice, as compared to IVDs from younger mice (Figures 1B
and 1C).
To determine whether the loss of collagen fibril architecture
observed in aging IVDs would affect biologic performance
of the fibrocartilage, freshly isolated IVDs from 3-, 12-, and
22-month-old mice were subjected to compressive forces using
a custom-made mechanical testing device (Soltz and Ateshian,
1998). Young’s modulus (EY), which measures the stiffness of
an elastic material, was determined. A significant loss of elastic-
ity and increased stiffness was observed in fibrocartilage from
older mice (Figure 1D).
Increased Aggregation and Oxidative Modifications
of Proteins in Aging IVD
Oxidative stress has been linked to tissue degenerative modifi-
cations in several diseases. To investigate whether there was
an increase in IVD oxidative stress with age, mice were injected
intravenously with the CellROX probe that fluoresces upon
binding to reactive oxygen species (ROS). An age-dependent
increase in IVD fluorescence was observed (Figures 2A and
2B). To determine whether the increase in tissue ROS would924 Chemistry & Biology 20, 922–934, July 25, 2013 ª2013 Elsevier Ltd All rights reservedelevate the level of oxidatively modified
proteins in IVDs of aging mice, IVD pro-
teins were extracted from 3-, 12-, and
22-month-old mice and incubated
with 2,4-dinitrophenylhydrazine (DNPH),
which specifically binds to carbonyl
groups introduced into amino acid side
chains as an irreversible oxidative modi-
fication. The DNPH-derivatized samples
were separated on a gradient SDS-
PAGE, which was followed by western
blotting using a primary antibody specific
to the DNP moiety of the proteins. West-ern blot analysis detected the presence of carbonylated pro-
teins in IVDs isolated from mice of all ages (Figure 2C). How-
ever, the levels of carbonylated proteins detected were
significantly higher in IVDs isolated from aging mice (Figure 2C).
To determine whether protein carbonylation increased the
level of protein aggregation, IVD proteins were extracted using
NaCl (soluble fraction) followed by guanidine hydrochloride
(insoluble fraction) and then examined with SDS-PAGE and
silver stain analysis (Figure 2D). Insoluble aggregates were
only observed in the guanidine hydrochloride extraction
of IVDs isolated from older mice but not from younger mice
(Figure 2D).
Redox proteomic analysis of the IVD cartilage of 3-, 12-,
and 22-month-old mice was performed to investigate the age-
dependent development of neo-epitopes derived from the
major proteins comprising the IVD. Sequential NaCl and guani-
dine hydrochloride extractions of the total proteomes from
IVD cartilage isolated from 3-, 12-, and 22-month-old mice
followed by one-dimensional electrophoresis, in gel trypsin
digestion, and two-dimensional liquid chromatography (LC) sep-
arations coupled to tandem mass spectrometry (MS/MS) on a
nanoLC/ Orbitrap system demonstrated that cartilage from aging
mice contains an increasing amount of chemically oxidized
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ure 2E). These studies identified mapped oxidative modifications
of collagen VI (alpha-1, alpha-2, and alpha-3 chains), fibronectin,
aggrecan, decorin, versican, and matrix Gla protein (Table 1).
Oxidations included monooxidations on Arg, Cys (sulfenic
acid), Phe, Lys, Met (Met-sulfoxide), Trp, and Tyr; diooxidations
on Arg, Cys (sulfinic acid), Met (Met-sulfone), Lys, Phe, Pro, Trp
(N-formyl-kynurenine/dihydroxy Trp/dioxindolylalnine), and Tyr;
trioxidations on Cys (cysteic acid); Arg-GluSa (glutamic semial-
dehyde conversion of Arg), and Pyrrolidinone (Pro; Table 1).
Oxidative Structural Modifications of Purified Collagens
I and II
Next, we investigated a possible relationship between oxidation,
induced by the Fenton reaction, andmodification in the proteins’
secondary and tertiary structures as a potential causative factor
for the degeneration observed in IVDs during aging. Collagen is
an optically active protein that adopts a polyproline II-like helical
conformation. The unique circular dichroism (CD) spectrum of
collagen is characterized by a small positive band at 221 nm
and a large negative band at 197–198 nm (Shahab et al.,
2012). The maxima of the two bands are a measure of the triple
helical content of the given sample (Shahab et al., 2012; Figures
3A and 3B).
Structural changes of native and chemically oxidized collagen
I and collagen II were analyzed with far-UV circular dichroism
(CD) spectroscopy (190–300 nm). The far-UV CD spectrum of
native collagens exhibited amaximum at 221 nm and aminimum
at 198 nm, which are characteristic features of the collagen triple
helix (Shahab et al., 2012). However, upon oxidation, there was a
distinctive loss of the positive CD signal at 221 nm for both
collagen I and II proteins (Figures 3A and 3B). Moreover, the
negative signal at 198 nm was sharply decreased from 138.5
to approximately 25.0 mdeg after 3 hr and 12 hr incubation in
the Fenton reaction. These data reveal that the triple-helical
content and packing of the helices in both collagens I and II
were disrupted due to changes in the conformation of the
oxidized proteins. The CD spectra of the native protein controls
in the presence of just one of the reagents of the Fenton reaction
(either in presence of [EDTA+FeCl2] or in presence of just H2O2)
did not show significant changes in the secondary structure
(data not shown).
In a hydrophobic environment (such as that within the core of a
protein), tyrosine (Tyr) and tryptophan (Trp) have a high quantum
yield and therefore a high fluorescence intensity (Pfefferkorn
et al., 2010). In contrast, in a hydrophilic environment (such as
that at a protein surface in an aqueous solution) their quantum
yield decreases, resulting in lower fluorescence intensity. Such
a transition can be observed as a protein unfolds (Pfefferkorn
et al., 2010). Specifically for Trp residues, there are strong stoke
shifts dependent on the solvent, indicating that the maximum
emission wavelength of Trp is contingent upon the Trp environ-
ment. A red-shift to higher wavelength is attributed to the expo-
sure of Trp to the solvent as it emerges from the hydrophobic
core of the protein (Pfefferkorn et al., 2010).
To assess protein unfolding, an excitation wavelength of
295 nmwas used (for the selective intrinsic Trp excitation, where
the contributions from Tyr and Phe fluorescence emissions are
weak) and the emission fluorescence between 320 nm andChemistry & Biology 20,500 nm at 25C was recorded. A maximum emission peak at
367 nm was observed for both collagens I and II upon excitation
at 295 nm (Figures 3C and 3D). A significant loss in the relative
fluorescence intensity (approximately 70%and 60% for collagen
I and II, respectively) at themaximum 367 nm emission peak was
observed for both proteins after 3 hr in the Fenton oxidizing reac-
tion, suggesting a substantial loss in the tertiary structure upon
unfolding (Figures 3C and 3D). Moreover, the loss in the fluores-
cence signal at the maximum emission peak was accompanied
by a red shift from 367 nm to 405 nm after 12 hr of incubation in
the Fenton reaction, supporting an increase in the Trp exposure
to the solvent in the unfolded proteins (Pfefferkorn et al., 2010).
The intrinsic Trp fluorescence emission spectra of the native pro-
tein controls in presence of just one of the reagents of the Fenton
reaction (either in presence of [EDTA+FeCl2] or in presence of
just H2O2) did not display significant changes in the tertiary struc-
ture and folding (data not shown).
Exposure to Hydroxyl Radicals Increases Carbonyl
Content and MMP Sensitivity of Collagens I and II
In the next set of experiments, we aimed to determine whether
collagen oxidation and unfolding would increase its susceptibil-
ity to nonenzymatic and enzymatic degradation.
To this end, we induced collagen I and II oxidation using the
Fenton reaction. The carbonyl content (mainly carbonylated Pro,
Arg, Lys, and Thr residues) of the $OH oxidized collagen I and II
was determined spectrophotometrically, following the derivatiza-
tion of the carbonylated amino acids residues of oxidized proteins
usingDNPH.Thefinal product of thecarbonyl-derivatization reac-
tion, (2,4-DNPH)hasamaximumabsorptionat 375nmthat canbe
used to quantify the amount of carbonyl/protein. The $OH-
induced oxidation of each collagen protein is accompanied by
at least a 200-fold increase in the carbonyl content in themodified
proteins as compared to the background (no collagens, just the
solution with 2,4-DNPH) and to the controls proteins (collagens
in the absence of the oxidizing agents; Figure 4A).
Denaturing SDS-PAGE analysis demonstrated extensive
oxidative cleavage of the protein backbone of oxidized collagens
as indicated by the presence of lower molecular weight bands
(Figure 4B).
Degradative enzymes, such as A disintegrin and MMP with
thrombospondin motifs (ADAMTS) and MMPs, play key roles in
the development of osteoarthritis. We hypothesized that during
aging and in certain metabolic conditions, ROS promote unfold-
ing of major protein components of the IVD matrix, making them
vulnerable to proteolytic enzymes. To explore the relationship
between the oxidation, unfolding, and the increased sensitivity
to metalloprotease-mediated degradation of collagens I and II
exposed to the Fenton reaction, an enzymatic assay was per-
formed in which native or $OH oxidized collagens were incu-
bated with recombinant MMPs 1, 2, 9, and 13 for 1 hr at 37C.
All tested MMPs were more active in degrading collagens I and
II exposed to $OH in the Fenton reaction as compared to the
native proteins (Figures 4C and 4D).
Increased Protein Carbonylation in IVDs Exposed to $OH
Ex Vivo
Although it is generally accepted that the breakdown of articular
cartilage in osteoarthritis is mechanically driven, the922–934, July 25, 2013 ª2013 Elsevier Ltd All rights reserved 925
Table 1. MS/MS Mapping of Oxidative Modifications of Amino Acid Side Chains across the Same Peptide Sequences in IVDs from 3-,
12-, and 22-Month-Old Mice
3-Month-Old Mice 12-Month-Old Mice 22-Month-Old Mice
Collagen VI Alpha 1
Oxidation P (OH) (hydroxy proline) R.MPSGRDELK.A R.MPSGRDELK.A R.MPSGRDELK.A
R.GLPGPR.G R.GLPGPR.G R.GLPGPR.G
R.GDPGYEGER.G R.GDPGYEGER.G R.GDPGYEGER.G
R.ADPSQDVR.V R.ADPSQDVR.V R.FLSAGRADPSQDVR.V
Dioxidation (P) (OH) (dihydroxy
proline)
R.DGIPGSPGDPGK.D R.DGIPGSPGDPGK.D R.DGIPGSPGDPGK.D
Oxidation R (OH) (hydroxy-arginine) R.GDEGPPGPEGLR.G R.GDEGPPGPEGLR.G R.GDEGPPGPEGLR.G
Collagen VI Alpha 2
Oxidation P (OH)(hydroxy proline) R.GLPGPR.G R.GLPGPR.G R.GLPGPR.G
Oxidation K (OH) (hydroxy lysine) R.GPQGALGEPGK.Q R.GPQGALGEPGK.Q R.GPQGALGEPGK.Q
Collagen VI Alpha 3
Oxidation P (OH) (hydroxy proline) K.ISLSPEYVFSVSTFR.E K.ISLSPEYVFSVSTFR.E K.ISLSPEYVFSVSTFR.E
R.SGFPMR.K R.SGFPMR.K R.SGFPMR.K
Dioxidation P (OH) (dihydroxy proline) R.GGPGQPGFEGEQGTR.G R.GGPGQPGFEGEQGTR.G R.GGPGQPGFEGEQGTR.G
R.GSQGPPGPIGPPGLIGE
QGIPGPR.G
R.GSQGPPGPIGPPGLIGEQG
IPGPR.G
R.GSQGPPGPIGPPGLIGEQ
GIPGPR.G
Oxidation Y (OH) (meta- or ortho-
hydroxy phenylalanine)
K.VVIHFTDGADGDMAD
LYR.A
K.VVIHFTDGADGDMADLYR.A K.VVIHFTDGADGDMA
DLYR.A
Oxidation F (OH) (2,3- or 4-hydroxy
phenylalanine)
R.RDSFQEVLR.F R.RDSFQEVLR.F R.RDSFQEVLR.F
Oxidation R (OH) (hydroxy arginine) K.VVIHFTDGADGDMAD
LYR.A
K.VVIHFTDGADGDMADLYR.A K.VVIHFTDGADGDMA
DLYR.A
Dioxidation K (OH) (dihydroxy lysine) R.DGIPGSPGDPGKDGG
SGR.R
R.DGIPGSPGDPGKDGGSGR.R R.DGIPGSPGDPGKDG
GSGR.R
Fibronectin
Oxidation M (Met-sulfoxide) K.TEIDKPSQMQVTDVQDNSI
SVR.W
K.TEIDKPSQMQVTDVQDNS
ISVR.W
K.TEIDKPSQMQVTDVQDNS
ISVR.W
Diooxidation M (Met-sulfone) R.FTNIGPDTMR.V R.FTNIGPDTMR.V R.FTNIGPDTMR.V
Trioxidation C (cysteic acid) R.ISCTIANR.C R.ISCTIANR.C R.ISCTIANR.C
Oxidation C (sulfenic acid) R.GGNSNGALCHFPFL
YNNR.N
R.GGNSNGALCHFPFLYNNR.N R.GGNSNGALCHFPFL
YNNR.N
Oxidation P (OH) (hydroxy proline) K.TEIDKPSQMQVTDVQDNSI
SVR.W
K.TEIDKPSQMQVTDVQDNSI
SVR.W
K.TEIDKPSQMQVTDVQDNS
ISVR.W
R.WSRPQAPITGYR.I R.WSRPQAPITGYR.I R.WSRPQAPITGYR.I
Oxidation R (OH) (hydroxy arginine) R.WSRPQAPITGYR.I R.WSRPQAPITGYR.I R.WSRPQAPITGYR.I
Oxidation K (OH) (hydroxy lysine) K.TEIDKPSQMQVTDVQDNSI
SVR.W
K.TEIDKPSQMQVTDVQDNSI
SVR.W
K.TEIDKPSQMQVTDVQDNS
ISVR.W
Oxidation W (OH) (hydroxytryptophan,
oxindolylalanine)
R.WSRPQAPITGYR.I R.WSRPQAPITGYR.I R.WSRPQAPITGYR.I
Arg-GluSa (R-CHO) (glutamic
semialdehyde)
K.HAFPSLPEDTRIK.A K.HAFPSLPEDTRIK.A K.HAFPSLPEDTRIK.A
Pro- > Pyrrolidinone (P) (ketone) K.TKPLPPDPPR.L K.TKPLPPDPPR.L K.TKPLPPDPPR.L
Dioxidation (R) (OH) (dihydroxy
arginine)
R.WSRPQAPITGYR.I R.WSRPQAPITGYR.I R.WSRPQAPITGYR.I
R.FLTTTPNSLLVSWQAPR.A R.FLTTTPNSLLVSWQAPR.A R.FLTTTPNSLLVSWQAPR.A
Dioxidation (P) (OH) (dihydroxy
proline)
R.VTWAPPPSIELTNLLVR.Y R.VTWAPPPSIELTNLLVR.Y R.VTWAPPPSIELTNLLVR.Y
R.TVLVTWTPPR.A R.TVLVTWTPPR.A R.TVLVTWTPPR.A
(Continued on next page)
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Table 1. Continued
3-Month-Old Mice 12-Month-Old Mice 22-Month-Old Mice
Dioxidation (K) (OH) (dihydroxy
lysine)
K.IGEKWDR.Q K.IGEKWDR.Q K.IGEKWDR.Q
Dioxidation (W) (N-formyl-kynurenine) R.TVLVTWTPPR.A R.TVLVTWTPPR.A R.TVLVTWTPPR.A
R.WSRPQAPITGYR.I R.WSRPQAPITGYR.I R.WSRPQAPITGYR.I
R.VTWAPPPSIELTNLLVR.Y R.VTWAPPPSIELTNLLVR.Y R.VTWAPPPSIELTNLLVR.Y
K.IGEKWDR.Q K.IGEKWDR.Q K.IGEKWDR.Q
R.FLTTTPNSLLVSWQAPR.A R.FLTTTPNSLLVSWQAPR.A R.FLTTTPNSLLVSWQAPR.A
Aggrecan
Dioxidation (W) (N-formyl-kynurenine) R.IKWSR.V R.IKWSR.V R.IKWSR.V
Oxidation R (OH) (hydroxy arginine) K.ARPNCGGNLLGVR.T K.ARPNCGGNLLGVR.T K.ARPNCGGNLLGVR.T
Oxidation Y (OH) (meta- or
ortho-hydroxy phenylalanine)
R.EGCYGDKDEFPGVR.T R.EGCYGDKDEFPGVR.T R.EGCYGDKDEFPGVR.T
Versican
Oxidation M (met-sulfoxide) R.EGCYGDMMGK.E R.EGCYGDMMGK.E R.EGCYGDMMGK.E
Oxidation C (sulfenic acid) K.RKCLISLLK.I K.RKCLISLLK.I K.RKCLISLLK.I
Oxidation R (OH) (hydroxy arginine) R.YPIRAPR.E R.YPIRAPR.E R.YPIRAPR.E
R.RCSPTEAAVR.F R.RCSPTEAAVR.F R.RCSPTEAAVR.F
Oxidation K (OH) (hydroxy lysine) K.CLISLLKIQIKK.L K.CLISLLKIQIKK.L K.RKCLISLLK.I
Decorin
Dioxidation K (OH) (dihydroxy lysine) R.SAIQLGNYK.- R.SAIQLGNYK.L R.SAIQLGNYK.-
Oxidation M (met sulfoxide) R.VSVPTHPDDVGDAS
LTMVK.L
R.VSVPTHPDDVGDASLTMVK.L R.VSVPTHPDDVGDASL
TMVK.L
Matrix Gla Protein
Oxidation M (Met sulfoxide) R.YAMVYGYNAAYNR.Y R.YAMVYGYNAAYNR.Y R.YAMVYGYNAAYNR.Y
Oxidation (Y) (meta- or
ortho-hydroxy phenylalanine)
R.YAMVYGYNAAYNR.Y R.YAMVYGYNAAYNR.Y R.YAMVYGYNAAYNR.Y
Oxidation (F) (2,3- or
4-hydroxy phenylalanine)
R.NANTFMSPQQR.W R.NANTFMSPQQR.W R.NANTFMSPQQR.W
Collagen IV Alpha 4
Dioxidation P (OH) (dihydroxy proline) K.GFPGPPGRPGPPGPAGA
PGRAAK.G
K.GFPGPPGRPGPPGPAGAPG
RAAK.G
K.GFPGPPGRPGPPGPA
GAPGRAAK.G
Collagen II Alpha 1
Oxidation P (OH) (hydroxy proline) R.EGSPGADGPPGR.D R.EGSPGADGPPGR.D R.EGSPGADGPPGR.D
R.GPPGPVGPSGK.D R.GPPGPVGPSGK.D R.GPPGPVGPSGK.D
R.GEPGGAGPIGPPGER.G R.GEPGGAGPIGPPGER.G R.GEPGGAGPIGPPGER.G
R.GAQGPPGATGFPGAAGR.V R.GAQGPPGATGFPGAAGR.V R.GAQGPPGATGFPGAAGR.V
K.VGPSGAPGEDGRPGPPG
PQGAR.G
K.VGPSGAPGEDGRPGPPGP
QGAR.G
K.VGPSGAPGEDGRPGPPGP
QGAR.G
R.GLPGKDGETGAAGPPGP
SGPAGER.G
R.GLPGKDGETGAAGPPGPSG
PAGER.G
R.GLPGKDGETGAAGPPGPS
GPAGER.G
R.GPPGPQGATGPLGPK.G R.GPPGPQGATGPLGPK.G R.GPPGPQGATGPLGPK.G
Oxidation K (OH) (hydroxy proline) R.GLPGKDGETGAAGPPG
PSGPAGER.G
R.GLPGKDGETGAAGPPGPSG
PAGER.G
R.GLPGKDGETGAAGPPGPS
GPAGER.G
Dioxidation P (OH) (dihydroxy proline) R.GAQGPPGATGFPGAAGR.V R.GAQGPPGATGFPGAAGR.V R.GAQGPPGATGFPGAAGR.V
R.GLPGKDGETGAAGPPGPS
GPAGER.G
R.GLPGKDGETGAAGPPGPS
GPAGER.G
R.GLPGKDGETGAAGPPGPS
GPAGER.G
Collagen VI Alpha 5
Oxidation P (OH) (hydroxy proline) R.SGLQGSQGPPGR.R R.SGLQGSQGPPGR.R R.SGLQGSQGPPGR.R
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of cartilaginous structures to injury during physical stress have
not been worked out. To address our hypothesis that the degen-Chemistry & Biology 20,eration and protein unfolding seen in aging mice can be partially
attributed to oxidative stress, IVDs were isolated from young
(3 month old) mice and either left untreated (in PBS) or exposed922–934, July 25, 2013 ª2013 Elsevier Ltd All rights reserved 927
Figure 3. Oxidative Stress Induces Secondary and Tertiary Structural Alterations in Purified Collagen I and II
(A and B) CD analysis of secondary structure changes in collagens I and II following oxidation induced by incubation in Fenton reaction solution (3 and 12 hours).
The loss of ellipticity (in mdeg) at 198 nm and 221 are observed in each collagen following oxidation for both time points.
(C and D) Intrinsic tryptophan fluorescence analysis of tertiary structural changes of collagens I and II upon oxidation with ROS generated by Fenton reaction. At
3 hr, unfolding is evident for both collagens (lower signal in the Trp maximum fluorescence emission signal at 360 nm). Following 12 hr, the unfolding is correlated
with partial aggregation for collagen I and II as shown by the red-shift of the fluorescence signal to 420–430 nm.
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Oxidative Stress Promotes Cartilage Degenerationto $OH generated by the Fenton reaction for 12, 24, or 48 hr. Pro-
teins were extracted using NaCl and guanidine hydrochloride
and incubated in DNPH. DNPH-derivatized samples were run
on a gradient SDS-PAGE, blotted, and incubated with a primary
antibody specifically recognizing the DNPmoiety of the proteins.
Western blot analysis indicates a significant increase in carbony-
lated proteins from IVDs exposed to $OH as compared to
untreated IVDs (Figure 5A). To confirm these results, IVDs were
isolated from control or paraquat-exposed young mice and im-
munogold labeling of carbonyl groupswas performed on paraffin
sections from these IVDs. Immunohistochemical analysis
detected the presence of carbonyl groups in the cartilaginous
endplates of both the control and paraquat-treated young
mice. However, a higher density of immunogold-labeled
carbonyl groups was observed in the cartilaginous endplates
isolated from paraquat-exposed mice (Figure 5B). Following
the extensive increase in protein carbonylation observed in
IVDs after exposure to the Fenton reaction, we investigated
whether oxidative damage to the cartilage structure could result
in the release of cartilage structural proteins. To this extent, the
supernatants of the control, 24 hr, and 48 hr Fenton reactions
were collected. Following protein determination, 5 mg from
each sample were separated by gradient SDS-PAGE. Silver928 Chemistry & Biology 20, 922–934, July 25, 2013 ª2013 Elsevier Lstain analysis of SDS-PAGE exhibits increased fragmentation
and protein degradation in the supernatant from the 24 and
48 hr Fenton exposure time points as compared to the control
supernatants (Figure 5C). Normalized spectral count analysis
of the supernatants collected following $OH-induced oxidation
revealed degenerative alterations to the collagen-proteoglycan
network of Fenton reaction-exposed IVDs. Significant differ-
ences in protein expression of the supernatants were observed
between the control and $OH-exposed IVDs (Figure 5D).
The prominent loss of several cartilage structural proteins
(including collagens type I, III, VI, XI, and XII), proteoglycans (ag-
grecan,versican, decorin, and biglycan), and disc-matrix pro-
teins (fibronectin) from oxidatively stressed IVDs was exhibited
by the detection of these proteins in the supernatants (Figures
5D and 5E). Next, we investigated whether the observed disrup-
tion to the disc matrix composition would affect the biologic per-
formance of the fibrocartilage. Control and $OH-exposed IVDs,
adjacent to the discs used for the above study, were subjected
to compressive forces and Young’s modulus was measured.
There was a significant loss of elasticity and increased stiffness
observed in the cervical and upper thoracic IVDs in the treatment
group as compared to controls (Figure 5F). However, there was
no significant difference in viscoelastic properties detected in thetd All rights reserved
Figure 4. ROS Exposure Increases
Carbonyl Content and MMP Sensitivity of
Purified Collagen I and II
(A) Bar graph and SDs of spectrophotometric
determination of the carbonyl content (as nmol
carbonyl/mg protein) in collagens I and II following
exposure to the Fenton reaction mixture. Bar
graphs represent average and SDs of three
independent experiments. Data were analyzed
by one-way ANOVA (p < 0.001) followed by
Tukey test.
(B) Silver-stained SDS-PAGE analysis of native
and ROS exposed collagens. Nonenzymatic
oxidative cleavage was seen in purified collagens
I and II following oxidation.
(C and D) Metalloproteases assay on native and
oxidized collagens I and II. Oxidized collagens
exhibit increased sensitivity to MMP cleavage as
compared to native (nonoxidized) collagens.
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groups (Figure 5F). Together, these results indicate that the alter-
ations observed following the induction of oxidative stress
in fibrocartilage from young mice mirrored the biochemical
and biophysical degenerative modifications characteristic of
aging IVDs.
DISCUSSION
The extracellular matrix of the IVD is comprised of collagens,
proteoglycans, and noncollagenous proteins that form a
dynamic network conferring resistance to mechanical loading
while permitting both rotational and planar mobility. Each of
these proteins is conformationally arranged in a manner that is
maximally adapted for biomechanical functions. Understanding
how this tissue is affected by age and environmental factors is
essential for addressing the enormous burden of spine disease
that affects our society (Indrakanti et al., 2012). The present
study characterizes the changes that occur in IVDs of C57BL/6
mice as they age. As expected from earlier studies (Roughley,
2004; Schollmeier et al., 2000), these mice were found to
progressively lose proteoglycans and collagen II from within
the NP, resulting in loss of elastic properties of this tissue. The
goal of the present study was to gain a better understanding of
the mechanisms whereby oxidative stress contributes to these
changes. The results demonstrate a spontaneous, age-related,
accumulation of ROS within the axial skeleton that is associated
with an increase in carbonylated proteins of the IVD, which
enhances susceptibility to proteolytic attack and impairs
mechanical function.
To understand how such oxidative damage contributes to IVD
degeneration, we exposed purified collagen I and II to the Fenton
reaction and assessed the resulting structural modifications.Chemistry & Biology 20, 922–934, July 25, 2013This treatment disrupted the triple helical
structure of these proteins, exposing in-
ternal amino acids to the solvent and
enhancing susceptibility to both pro-
teolytic cleavage and further oxidative
damage. The mechanical and molecularcompromise of the IVD associated with age was reproduced in
ex vivo preparations of cervical and thoracic IVDs from young
mice through exposure to oxidative stress. Thus, oxidative dam-
age to structural elements of the IVD is shown to directly
enhance susceptibility to degradative processes and leads to
alterations in mechanical properties in ways that contribute to
IVD failure.
ROS are short-lived free radicals. It is known that aging is
associated with an increase in their abundance (Kregel and
Zhang, 2007), as also observed in the older mice studied here.
It has been proposed that at physiologic levels, ROS are essen-
tial for mediating a stress response to tissue damage (Hekimi
et al., 2011). Indeed ROS are a stimulus for activation of specific
stress responses that act to enable DNA repair, proteostasis,
and mitochondrial metabolism as these critical processes are
challenged in aging tissues (Lewis et al., 2012). However, it is
also clear that higher or sustained levels of ROS damage a broad
variety of molecules including lipids, nucleic acids, and proteins
(Blumberg, 2004; Lotz and Loeser, 2012). Release of oxygen and
nitrogen radicals, following mechanical cartilage damage by
excessive shear stress, have been implicated previously in chon-
drocyte cell death by several mechanisms including apoptosis
and preterm senescence (Healy et al., 2005). Chondrocyte
apoptosis is induced directly by ROS and reactive nitrogen spe-
cies (RNS)-induced cytotoxicity (Blanco et al., 1998; Wu et al.,
2007) as well as indirectly by activation of the apoptosis signal-
regulating kinase (ASK1), which induces c-Jun N-terminal
kinases and p38 mitogen-activated protein kinases. Both
kinases amplify the ASK1 activation pathway, thus inducing
cell death even when ROS concentrations are not sufficient to
initiate apoptosis (Kim et al., 2008; Pan et al., 2009).
The underlying biochemical and biophysical mechanisms
involved in ROS and RNS damage to cartilage proteins haveª2013 Elsevier Ltd All rights reserved 929
Figure 5. Increased Protein Carbonylation
of IVDs Exposed to ROS Ex Vivo
(A) Western blot analysis of carbonylated proteins
detected in IVDs following incubation in the Fenton
reaction solution. Lanes marked as ‘‘’’ indicate
nonderivatized proteins (derivitization control) and
‘‘+’’ indicate derivatized proteins.
(B) Immunohistologic analysis of immunogold
labeled carbonyls in IVD isolated from control and
paraquat exposed 3-month-old mice.
(C) Silver-stained SDS-PAGE analysis of reaction
mixture from untreated and Fenton reaction-
exposed ex vivo IVD. Increased fragmentation and
degradation is observed in the supernatant from
the 24 and 48 hr exposure time points as
compared to the control. Five micrograms of each
mixture was analyzed.
(D andE) Normalized spectral counts followingMS/
MS analysis of the supernatants collected from
untreated and48 hr Fenton reaction-exposed IVDs.
(F) Viscoelastic properties of cervical, thoracic,
and lumbar IVDs isolated from control and para-
quat-treated 3-month-old mice. Data are ex-
pressed as the average ± SD of five to six samples
per group. The mechanical properties between the
groups were examined by one-way ANOVA (p <
0.05) followed by Tukey test.
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complex level of oxidative modifications induced on cartilage
proteins by aging-related oxidative stress. The most commonly
found posttranslational oxidative modification was the introduc-
tion of carbonyl groups (aldehydes or ketones) to amino acid
side chains. Carbonylation was most notably observed on ag-
grecan, fibronectin, and collagen type IV, alpha 1. This is in
agreement with previous studies showing that lysine, arginine,
and proline residues in aging cells are the residues mostly
oxidized (Requena et al., 2001). Known effects of protein
carbonylation include impairment of protein function, irrevers-
ible aggregation, increased exposure of hydrophobic residues
and unfolding with heightened susceptibility to degradation,
and elevated ubiquitination, targeting the protein for degrada-
tion (Cannizzo et al. 2011, 2012; Dalle-Donne et al., 2003; David
et al., 2010; De la Fuente and Miquel, 2009; Dunlop et al., 2009;
Haigis and Yankner, 2010; Oliveira et al., 2010; Tyedmers et al.,
2010).930 Chemistry & Biology 20, 922–934, July 25, 2013 ª2013 Elsevier Ltd All rights reservedIn our analysis, we also found that
oxidatively damaged collagen I and
collagen II lost their native primary and
secondary structure. Importantly, the
loss of native structure and unfolding in
collagen facilitated protein cleavage. Pro-
tein oxidation can cleave amino acid side
chains or directly the polypeptide back-
bone and induce protein fragmentation
(Stadtman and Berlett, 1997). $OH attack
of aspartyl, glutamyl, and prolyl side
chains have previously been shown to
facilitate peptide bond cleavage (Stadt-
man and Berlett, 1997).The formation of protein-protein crosslinks is another modifi-
cation emanating from ROS-generated oxidative stress. Cross-
links can occur via disulfide bond formation between two
oxidized cysteines or by Schiff base formation from the reaction
of an amine group with a carbonyl (aldehyde or ketone) group of
another protein (Oliver et al., 1987; Stadtman, 1992, 2004). Our
analysis of IVD age-related modifications indicated an increase
in protein aggregation.
The significance of our findings is in the demonstration that
protein oxidation could be sufficient to induce early but signifi-
cant biochemical modifications of cartilage structural proteins
leading to early degenerative modifications and subsequent
alterations of the intervertebral disc biodynamics. The demon-
stration of protein fragmentation in IVDs of young animals
undergoing oxidative stress clearly shows that oxidation of
healthy cartilage promotes changes in protein folding/conforma-
tion as well as oxidative cleavage and increased susceptibility to
MMPs processing. These results can explain age-related
Chemistry & Biology
Oxidative Stress Promotes Cartilage Degenerationdegenerative modifications in IVDs in the absence of inflamma-
tory conditions. Increased levels of free radicals, commonly pre-
sent in aging, could induce the oxidative posttranslational mod-
ifications, which we comprehensively mapped in this study,
affecting cartilage structural integrity and, in the long run, its me-
chanical functions.
SIGNIFICANCE
Our study highlights how age-related oxidative posttransla-
tional modifications of IVD matrix proteins affect tissue
structural integrity. The significant biochemical modifica-
tion that we mapped with redox proteomics can promote
protein unfolding, oxidative cleavage, and increased sus-
ceptibility to MMPs processing, leading to early degenera-
tive modification of the IVD and subsequent alterations of
the disc’s biodynamics.
EXPERIMENTAL PROCEDURES
Materials
Highly purified mouse type I and II collagens I (Cat.# 1066 and Cat.# 20061,
respectively) were purchased from Chondrex (Redmond, WA) as lyophilized
powder. The collagen powders were reconstituted in acetic acid (0.05 M,
pH 3.5) according to the manufacturer’s instructions. The final concentration
was 2.5 mg/ml for collagen I and 2.0 mg/ml for collagen II. Immediately before
the Fenton reaction, an aliquot from each collagen solutionwas dilutedwith 23
PBS (pH 7.4 and 0.15 M NaCl) to obtain a neutral solution suitable for the
oxidation assay. Hydrogen peroxide (H2O2; Cat.# 124K3644), ferrous chloride,
EDTA, dithiothreitol (DTT), iodoacetamide, ammonium bicarbonate, and gua-
nidine hydrochloride were of the highest grade available from Sigma-Aldrich
(St. Louis, MO). Trifluoroacetic acid, acetonitrile, acetic acid, formic acid,
andmethanol (99% purity, HPLC grade) were purchased from Fisher Scientific
(Pittsburgh, PA). Porcine trypsin (20 ug, specific activity > 5,000 units/mg seq.
grade modified) was purchased from Promega (Madison, WI). Collagenase
class II (215 U/mg) and hyaluronidase (30 KU/mg) were from Worthington
(Cat.# 4174 and 5474, respectively). Complete TM proteinase inhibitor cocktail
was purchased from Santa Cruz Biotechnology (Santa Cruz, CA).
Methods
Mice and Tissue Preparation
C57BL/6mice (3, 12, and 22months old) were obtained fromHarlan, a supplier
of age-controlled mouse colonies for the National Institute on Aging (NIA).
Animal euthanasia and tissue harvesting were conducted according to a pro-
tocol approved by the Institutional Animal Care and Use Committee at Albert
Einstein College of Medicine. In some experiments, mice were injected intra-
peritoneally once with 10 mg/25 g body weight of paraquat 24 hr Before IVD
collection. Spinal columns from 3-, 12-, and 22-month-old male C57Bl/6
mice were harvested after euthanization by decapitation under isoflurane
anesthesia. Spines were then transferred to 100 mm petri dishes with cold
PBS and cleared of attached muscles and connective tissues. Cervical,
thoracic, and lumbar spinal segments containing the IVDs flanked by vertebral
bone were isolated using a number 10 scalpel blade and a dissecting micro-
scope. IVDs were then carefully cleared of adjacent bone using a number 15
scalpel blade and fine tweezers.
Histologic Analysis of Murine IVDs
The spines were fixed inmethacarn (methanol:chloroform:acetic acid 60:30:10
by vol) for 1 week and decalcified in 10% EDTA pH 7.4 for 1 week. All decal-
cified spines underwent lateral plain radiograph before processing to histo-
logic preparation for verification of completion of the procedure. They were
dehydrated in graded alcohols and xylene, embedded in paraffin, and serially
cut into 4 mm sagittal sections. Mid-sagittal sections were stained with hema-
toxylin-eosin, alcian blue pH 2.5, and safranin O/fast green and three sections
per spine were used for each stain to minimize occurrence of folding artifact.
Sections were evaluated and histologic pictures were taken at the L1/L2 level.Chemistry & Biology 20,For immunohistochemical analysis of protein carbonyls, adjacent sections
were permeabilized with 0.1% Triton X-100 in dPBS for 15 min. Sections
were rinsed three times with dPBS. Sections were incubated with 1 mg/ml
DNPH in 2N HCL for 30 min (Millipore), washed several times with dPBS,
blocked with 1% FBS, 1% BSA in dPBS, and incubated overnight with rabbit
anti-DNPH antibody (1:150; Millipore). Following three washes with dPBS,
sections were incubated with ultrasmall gold-conjugated goat anti- rabbit
IgG (Electron Microscopy Sciences, Hatfield, PA). Ultrasmall gold conjugates
were enhanced with the Aurion R-Gent SE-LM and sections were counter-
stained with toluidine blue. Stained histologic sections were viewed with a
Zeiss Axioskop 40 microscope (Carl Zeiss MicroImaging, Thornwood, NY)
and images captured digitally using a ProgRes camera (Jena, Germany).
Western Blot Analysis
Proteins were sequentially extracted from IVDs using NaCl and guanidine
hydrochloride as described earlier. For the immunoblot detection of carbonyl
groups introduced into proteins by oxidative reactions, proteins extracted
from IVDs were derivatized using the Oxyblot Protein Oxidation Detection
Kit (Millipore). Samples were separated on 4%–15% SDS-PAGE and trans-
ferred membranes were incubated with the following antibodies: rabbit
polyclonal anti-DNP antibody (Millipore), goat polyclonal anti-collagen I,
collagen II, and b-actin (Santa Cruz Biotechnology). Secondary antibodies
used were goat anti-rabbit IgG-HRP (Millipore) and bovine anti-goat IgG-HRP
(Santa Cruz Biotechnology). Proteins were visualized by chemiluminescence
and densitometric values were determined using Image J Software (NIH).
Mechanical Properties
Elastic properties of mouse IVDs were measured in unconfined compression
using a custom-made mechanical testing device (Soltz and Ateshian, 1998).
IVDs were placed in a testing chamber and equilibrated under creep tare
load of 0.5 g for 30 min. Stress-relaxation tests were conducted to 10% strain
at the ramp velocity of 1 mm/s. The equilibrium Young’s modulus (EY) was
determined from the equilibrium stress-strain data and initial cross-section
area.
Chemical Modification of Collagens I and II by Fenton Reaction
Hydroxyl radicals were generated by the Fenton reaction conducted at neutral
pH (7.4) in PBS (0.15 M NaCl; Shahab et al., 2012). Under these conditions, a
molar ratio of 2:1:1:1 (H2O2: FeCl2: EDTA: protein) was shown to be suitable to
generate enough free $OH radicals for the protein oxidation at 37C. In
the case of collagen oxidation using Fenton reaction, a solution of 0.13-
0.15 mg/ml oxidized with the FeCl2/EDTA/H2O2 (1:1:2) mixture was shown to
induce significant changes in the secondary and tertiary structure (Shahab
et al., 2012). Equal concentrations (0.22 mg/ml) for both collagen I and II
were used to conduct the Fenton reaction at neutral pH in the presence of
FeCl2/EDTA/H2O2 (1:1:2; 0.05 mM FeCl2/0.05 mM EDTA/0.1 mM H2O2), in a
final volume of 200 ml. The oxidation reaction was maintained for 0.5-, 2-, 3-,
6-, and 12-hr intervals at 37C. The controls included each collagen solution
by itself, or each in combination with FeCl2, FeCl2+EDTA, and H2O2. All the
controls were incubated for the same time at 37C to maintain identical exper-
imental conditions. Structural changes in the collagens (both at the level of
secondary and tertiary structure) were ascertained by CD, intrinsic Trp fluores-
cence, and SDS-PAGE.
CD Analysis of Secondary Structure Changes in Collagens I and II
upon Oxidation
The CD spectra of protein solutions provide information about the secondary
structure of proteins. Far-UV CD spectrum of native and modified CII exhibit a
maxima at 221 nm and aminima at 198 nm,which are characteristic features of
the collagen triple helix (Schaub et al., 2012). The global secondary structure of
native and $OH-modified collagens I and II was analyzed with a Jasco 815 CD
spectropolarimeter. Ten different scans were acquired and averaged for each
protein between 190 and 320 nm using the following parameters: bandwidth
4 nm, interval 0.5 nm, 2 mm path length cell, and 10 l/min nitrogen flow rate.
The CD inmillidegrees (mdeg) is plotted against the wavelength (nm) for all col-
lagens having the same final concentration of 0.22 mg/ml.
Intrinsic Trp Fluorescence Analysis of Tertiary Structure Changes of
Collagens I and II upon Oxidation
Intrinsic Trp/Tyr fluorescence emission profiles of collagens I and II were
recorded to analyze the degree of changes in the tertiary structure and unfold-
ing upon oxidation with free $OH radicals generated by Fenton reaction. In a
hydrophobic environment (buried within the core of the protein), Tyr and Trp922–934, July 25, 2013 ª2013 Elsevier Ltd All rights reserved 931
Chemistry & Biology
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korn et al., 2010). In contrast, in a hydrophilic environment (exposed to solvent)
their quantum yield decreases, leading to low fluorescence intensity, as in the
case of protein unfolding (Pfefferkorn et al., 2010). Using an excitation wave-
length of 295 nm (for intrinsic Trp excitation), the emission fluorescence
between 320 nm and 500 nm was monitored. The spectrofluorimeter main pa-
rameters for the scanning mode included bandwidths of 3 nm for excitation
and of 4 nm for emission, and a response time of 0.3 s. Data were recorded
at 0.2-nm intervals. At least eight scans were average for each scan reading.
The data are reported as RFU (relative fluorescence units) as a function of
wavelength (nm) after correction for the background (which included the buffer
emission in absence of collagens and in the presence of oxidizing agents,
when present).
Denaturing SDS-PAGE Analysis of the Native and $OH-Modified
Collagens
SDS-PAGE gel analysis was performed under denaturing conditions using
pre-cast 4%–20% Mini-PROTEAN TGX gels (Bio Rad, CA). Equal amounts
(8 mg) of protein from both the native and the $OH-oxidized collagens I and II
were boiled for 5 min at 95C in loading buffer containing SDS and b-mercap-
toethanol. The samples were spun at 14,000 rpm in a microcentrifuge prior to
gel loading. The gels were run at constant 125 V for 50 min and subsequently
silver stained using a silver-staining kit (Thermo Scientific, Rockford, IL).
Spectrophotometric Determination of Carbonyl Content in Collagen
I and II following Oxidation
The carbonyl content (mainly carbonylated Pro, Arg, Lys, and Thr residues) of
the $OH-oxidized collagen I and II was determined spectrophotometrically
with the OxiSelect Protein Carbonyl Spectrophotometric Assay kit (Cell Bio-
labs, CA). The absorbance of the DNPH-derivatized carbonyl groups was
determined at 375 nm. A 1 cm wide cuvette was used for all readings, and
the final results were normalized to the total protein in each sample.
MMPs Assays on Native and Chemically Oxidized Collagens I and II
To determine the relationship between the oxidation, unfolding, and the
increased sensitivity to MMPs degradation for the collagens exposed to Fen-
ton reaction, an in vitro enzymatic assay was conducted in which native or
$OH-oxidized collagens were incubated with recombinant MMP 1, 2, 7, and
9 for 1 hr at 37C. Three micrograms of collagen I and II were incubated for
3 hr at 37C in the Fenton reaction. Performed in parallel, the control native col-
lagens, not exposed to any oxidizing agent, were incubated with 20 ng of each
recombinant MMP 1, 2, 9, and 13 in 25 ml of neutral buffer for metalloproteases
(50 mM Tris-HCl, pH 7.4, containing 150 mM NaCl and 5 mM CaCl2) for 1 hr at
37C. The reaction was stopped via the addition of 5 ml of 53 loading buffer to
each sample. The products of the enzymatic digestion of collagen I and II were
evaluated using 7.5% SDS-PAGE on Mini-PROTEAN TGX gels (Bio Rad,
CA).The gels were then silver-stained (Thermo Scientific, Rockford, IL).
Protein Extraction from IVD Cartilage from 3-, 12-, and 22-Month-
Old Mice
IVDs from 3-, 12-, and 22-month-old mice were equilibrated in 200 ml of sterile
PBS for 15min at 37C. The samples were further subjected to 0.1% hyaluron-
idase (3 units per sample) in PBS for 30 min at 37C to remove surface hyalur-
onate. Samples were spun at 14,000 rpm for 30 s on a benchtop centrifuge to
remove the digested hyaluronate. The remaining pieces of IVD were resus-
pended in 200 ml sterile PBS and further subjected to collagenase treatment
using 8 units of bacterial collagenase type II (Worthington Biochemical, Lake-
wood, NJ) overnight at 37C for each sample. Protease inhibitors were then
added to each sample, and the total protein solution from each IVD sample
was further subjected to the protein extraction with NaCl and guanidine
hydrochloride.
Sequential Protein Extractions from IVD with NaCl and Guanidine
Hydrochloride
We developed a protocol for protein extraction from the hyaluronidase/colla-
genase-treated IVDs using a previous method (Wilson et al., 2010) for the pro-
teomic analysis of the articular cartilage. The total protein solution retrieved
after overnight collagenase treatment was subjected to nine freeze/thaw
cycles in liquid nitrogen/37C water bath. The samples were further incubated
in the buffer for protein extraction with NaCl (1 M final NaCl in 100 mM Tris/
acetate pH 8.0) for 18 hr at 4C on the shaker. After NaCl extraction, the sam-
ples were spun at 14,000 rpm for 30 min, supernatant collected, and labeled
E1 (extraction E1). The pellet from E1 extraction (representing proteins not sol-932 Chemistry & Biology 20, 922–934, July 25, 2013 ª2013 Elsevier Luble in 1M NaCl) was resuspended in 100 ml 4M guanidine HCL, 65 mM DTT
(dithiothreitol), and 10 mM EDTA in 50 mM sodium acetate at pH 5.8 for
18 hr at 4C on the shaker to complete the protein extraction. The guanidine
hydrochloride (GdnHCl) treated samples (extraction E2) were further spun at
14,000 rpm for 30 min in the microcentrifuge and the supernatant was
collected and labeled E2 (protein extractedwith GdnHCl). The same extraction
procedure was repeated one more time for the pellet and the second superna-
tant was combined with the first E2 supernatant representing the total E2 ex-
tracted proteins with GdnHCl.
For proteomic analysis on the IVD extracted proteins, the proteins from both
the E1 and E2 samples were precipitated with five volumes of acetone (ON,
at20C). The pellets from acetone precipitation were collected by centrifuga-
tion at 14,000 rpm for 30 min in a microcentrifuge, and further washed three
times with 50% acetone. The final pellets were resuspended in 100 ml solubi-
lization buffer (7 M urea, 2 M thiourea, and 4% CHAPS in 30 mM Tris, pH 8.0).
Aliquots from the solubilized E1 and E2 extractions were used to determine the
total protein concentration using the BCA method (Thermo Scientific, Rock-
ford, IL).
IVD Proteome Analysis
One-Dimensional SDS PAGE and In-Gel Trypsin Digestion
The NaCl (E1) and GdnHCl (E2) extracted proteins (about 10 mg each), from 3-,
12-, and 22-month-old mice were fractionated using 1D SDS-PAGE on 4%–
20% precasted gels from Biorad. The gels were stained using a silver-staining
kit (Thermo Scientific, Rockford, IL). Ten gel bands were cut across each sam-
ple lane. In-gel tryptic digestion was carried out at 37C overnight.
NanoLC-ESI-MS/MS Analysis of Tryptic Peptides
Each gel digest was analyzed with nano-electrospray liquid chromatography
tandemmass spectrometry (nanoLC-ESI-MS/MS) with a Waters NanoAcquity
HPLC system interfaced to a ThermoFisher Q Exactive. The mass spectrom-
eter was operated in data-dependent mode, with the Orbitrap operating at
60,000 FWHM and 17,500 FWHM for MS and MS/MS, respectively. The 15
most abundant ions were selected for MS/MS. Raw data files were converted
to mgf files using Proteome Discoverer 1.3 (Thermo Fisher Scientific).
Redox Proteomic Analysis of the IVD Cartilage
All mgf files were searched against the house mouse (Mus musculus; 16,230
sequences) in SwissProt 57.15 (515,203 total sequences; 181,334,896 total
residues) with Mascot, in-house, (Matrix Science, London, UK; version
2.3.02). The following parameters were used for all searches: trypsin; 1 missed
cleavage; fixed modification of carbamidomethylation (for Cys); monoisotopic
masses: peptide precursor mass tolerance of 10 ppm; and product ion mass
tolerance of 0.8 Da. To characterize the oxidized proteome, we used as vari-
able modifications the amino acids oxidations reported in the Mascot, mainly
monooxidations on Arg, Cys (sulfenic acid), Phe, Lys, Met (Met-sulfoxide), Trp,
and Tyr; diooxidations on Arg, Cys (sulfinic acid), Met (Met-sulfone), Lys, Phe,
Pro, Trp (N-formyl-kynurenine/dihydroxy Trp/dioxindolylalnine), and Tyr; triox-
idations on Cys (cysteic acid); Arg-GluSa (glutamic semialdehyde concersion
of Arg); and Pyrrolidinone (Pro). The proteins were considered identified having
at least one bold red significant peptide with an ion score cutoff of 24 or greater
(corresponding to p < 0.05 and a FDR proteins < 1.0).
Validation of the Posttranslational Modifications and Normalizing
Spectral Counts
Scaffold (version 3, Proteome Software, Portland, OR) was used to validate
MS/MS-based peptide and protein identifications together with their corre-
sponding posttranslational oxidations mentioned above. All Mascot DAT files
for each IVD cartilage sample (i.e., ten bands each from 3, 12, and 22 month
mice) were loaded together as one ‘‘biologic sample’’ within Scaffold. Peptide
identifications were accepted if they could be established at greater than
95.0% probability as specified by the Peptide Prophet algorithm. Protein iden-
tifications were accepted if they could be established at greater than 96.0%
probability and contained at least one identified unique peptide.
Ex Vivo Imaging
Spine samples were collected from CellROX (2.5 mM/mouse i.v. excitation
640 nm/emission 664 nm, Molecular Probes, CA) intravenously injected ani-
mals and imaged using the In-Vivo F PRO imaging system (Bruker BioSpin
Molecular Imaging, CT). Samples were imaged for 3 min at excitationtd All rights reserved
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Oxidative Stress Promotes Cartilage Degeneration610 nm/emission 700 nmusing a built-in cooled closed-caption device camera
automated with a high precision 103 zoom lens in a closed optical path imag-
ing chamber. Images were threshold with respect to background intensity and
different levels of fluorescence intensity were displayed using pseudo rainbow
color scheme analyzed using built-in CarestreamMolecular Imaging Software.
Fluorescence intensity scale ranges from pink (lowest level) to red (highest
level).
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